Abstract -In this paper, we present experimental results of the soil discharge characteristics as a function of moisture content when a 1.2/50-㎲ lightning impulse voltage is applied. For this study, laboratory experiments were carried out based on factors affecting the transient behavior in soils. The electrical breakdown voltages in soils were measured for a 0-6% range of moisture content for sand and a 0 -4% range of moisture content for gravel. A test cell with semi-spherical electrodes buried face-to-face in the middle of a cylindrical container was used. The distance separating the electrodes is 100 mm. As a result, the time-lag to breakdown in soils decreases as the amplitude of applied voltage increases. The time-lag to initiation of ionization streamer is decreased, with an increase in the moisture content. However, the formative time-lag is rarely changed. The behavior of soil discharges depend not only on the type of soil and its moisture content but also on the amplitude of the impulse voltage. When the test voltage is applied repeatedly, electrical breakdown occurs along different discrete paths, leading radially away from the injected electrode. i.e., the fact that the ionization streamers propagate in different paths from shot to shot was observed.
Introduction
It is very important to obtain some information regarding soil discharges when designing and preparing grounding systems for lightning protection. Lightning protection analysis requires the knowledge of the transient behavior of grounding systems. Voltages induced on buried conductors by a lightning strike can produce electrical breakdown in the surrounding earth [1] . Soil discharge has a noticeable influence on the ground potential rise from lightning strikes to air terminals. The transient performance of grounding systems is closely related to the behavior of grounding electrodes subjected to lightning return stroke currents. Also soil discharges are a critical factor to change in the transient performance of grounding systems, i.e., they may reduce the impulse impedance of grounding systems. Thus far, many researchers have realized extensive experiments in order to establish a model capable of describing the dynamic behavior of grounding electrode systems at high impulse voltages [2] [3] [4] [5] . From many experimental and simulation results, it was concluded that the dynamic behavior of grounding systems at high impulse currents depends not only on the characteristics of soil ionization but also on the discharge mechanisms [6] [7] [8] [9] [10] [11] .
Some data observing the ground surface flashovers from the lightning strikes points were reported by some authors [12] [13] [14] . Fig. 1 shows an example of photographs of the ground surface flashover from the ground rod vertically driven at the test site with wet loamy sand [14] .
When the ground impedance is not sufficient low, the flashover may be occurred on the ground surface touched with ground electrode stressed by a lightning strike. Perhaps the ground surface discharge can cause a danger of electric shock. If the electrical breakdown is quickly occurred at the ground electrode buried in soil, the safety for human and electrical installations may be ensured. In view of other necessary assumptions, this might be considered on the 'safe' side.
Consequently, electrical discharge in soils is an important research area that needs to be further investigated in order to understand better the transient response of grounding systems. Moreover, the physical parameters of soil significantly affect the discharge characteristics caused by lightning impulse voltages. It is necessary to study soil discharge behavior depending on the grain size, composition, moisture content, resistivity, and permittivity, which are all related to the characteristics of the lightning impulse current passing through the soil. The knowledge of the exact electrical parameters of the soil is very useful. Indeed, it allows both material and cost savings while installing grounding systems for lightning protection. To the best of our knowledge, many studies on characteristics of transient impedance of grounding systems stressed by high impulse currents have been conducted [15, 16] . However, data for soil discharges are still insufficient and required.
Understanding the phenomena of soil discharges is necessary to achieve high performance grounding systems capable of protecting the electrical and electronic equipment from lightning strikes. In this study, we conduct experimental analysis to analyze the impact of moisture content on the soil discharges near the grounding electrodes. The electrical breakdown voltage and the current passing through the soils stressed by the 1.2/50-㎲ lightning impulse voltage are measured in a hemispheric-shaped electrodes system. The time-lag to breakdown, the statistical time-lag, and the formative time-lag are evaluated as a function of the moisture content by weight in soil. The development processes of soil discharges are analyzed based on the current waveforms. Finally, the paths for electrical discharges, for repeatedly applied lightning impulse voltages, are examined and discussed. Fig. 2 shows a schematic illustration of the experimental and measuring arrangements that consist of a Marx generator, a test chamber loading the test soil between the hemispherical electrodes, the voltage divider, the current monitor and the waveform recording system. Impulse voltage test system of 20 kJ and 400 kV, which is composed of an impulse voltage generator(Marx generator), measuring divider, charging voltage generator, data acquisition equipment, shorting and earthing device, was employed. The 1.2/50-㎲ lightning impulse voltage is produced by a Marx generator, with a peak voltage of 400 kV applied to the top electrode in the test container. The 1 µF charging capacitors having the withstand voltage of 100 kV were connected with four-stages in series.
Experimental Procedure

Experimental setup
In this study, the acryl cylinder container of 300 mm in diameter is adopted as a test container filled with the test soil. The test container was separated from the experimental bench by a bakelite plate of 10 mm in thickness. The hemispherical stainless steel electrodes of 75 mm in diameter are placed in the middle of the cylindrical container, at opposite sides. The spacing distance between the electrodes is 100 mm.
A capacitive voltage divider with a ratio of 10,000:1 was used for the measurement of the voltage between the top and bottom electrodes. The output of the voltage divider is connected to an oscilloscope with coaxial cable having the 50-ohm characteristic impedance. The current passing through the test soil was measured using a current monitor whose sensitivity is 0.1V/A. The voltage and current signals are displayed on a 4-channel 500 MHz digital storage oscilloscope and are recorded in a digital format at a data acquisition system. The control devices and instruments are placed in a Faraday cage. Moreover, power line filters and an isolation transformer protect the oscilloscope's power supply from noise and disturbances.
Experimental method
The fine sand and gravel were adopted as the test samples because they are easily wetted and dried without change of physical properties. The size of a sand grain is less than 0.3 mm in diameter and the size of a gravel grain is in the range of 4-5 mm in diameter. The test soils are classified using a standard sieve.
In order to analyze the development characteristics of soil discharges as a function of moisture content, the moisture content of sand is controlled by adding the tap water with a resistivity of 70 Ω·m. The moisture content refers to the water content percentage measured by weight. The moisture contents of the test samples are in the 0-6 % range for fine sand and in the 0-4% range for gravel. Water is equally spread into the entire quantity of the test soils. The test soils are dried prior to sequential experiments in order to ensure uniform conditions for both sample soils. After loading the soil into the test container, it is compressed, by applying a uniform pressure of 5 kPa, to eliminate all remaining air gap between the soil grains.
When the applied voltage is lower than 40 kV, the electrical breakdown is not occurred in all our experimental conditions. However, when the applied voltage is higher than 260 kV, the test soil particles scatter during a shot. Thus the range of test voltage was limited and measurements were made of the time dependence of breakdown voltage between 40 to 260 kV. The breakdown voltage and the current passing through the test soil were measured versus the amplitude of applied voltage for sample soils and After changed moisture contents, experiments were carried out quickly so as to reduce an error due to evaporation of water. The temperature in the laboratory was about 26°C and the relative humidity was 48%. The physical and electrical phenomena related to the effect of the soil discharge processes are analyzed and discussed based on the voltage and current waveforms, the electrical breakdown voltage, and the breakdown voltage-time (V-t) curves.
Results and Discussion
Characteristics of soil discharge developments
The main factors affecting the development process of electrical discharges in soils are the moisture content and grain size of soils. The electrical breakdown voltages and discharge currents in sand and gravel samples are measured as a function of the moisture content. After the change of moisture content, experiments were carried out rapidly in order to reduce measurement errors due to moisture vaporization. When the applied voltage is significantly high, the electrical breakdown is occurred in the test soils. The development processes of soil discharges can be inferred crudely from the breakdown voltage and current records. Fig. 3 shows a typical set of time traces of the measured discharge current, the voltage across the test electrodes, and the calculated transient impedance for sand with 3% of moisture content. The high current soil discharges help to reduce the ground potential rise. The transient impedance is equal to the ratio between the instantaneous values of the developed voltage across the test soil and the discharge current.
When electrical breakdown by ionization begins, the voltage decreases rapidly while the current first increases and then decreases. After electrical breakdown, the transient impedance of the soil drastically decreases with time until it reaches a minimum value.
The discharge currents are spread into the soils. The discharge expands radially away from the top electrode. The electrical discharges in soil form a number of branch channels that proceed away from the top electrodes. The electrical breakdown is noticed by the rapid increase of current and corresponding dropping of the voltage. In other words, a significant decrease of soil impedance occurs during the breakdown.
After breakdown, the current decreases slowly due to its characterization by the behavior of gap and line constants of the experimental setup (issued mainly from the Marx generator). The current duration of soil discharges is approximately 30 µs. The electrical breakdowns initiate voids in air. In the voids, the electric field is enhanced because of the discontinuity in the dielectric constant between the air and the soil. Consequently it is believed that the electrical breakdown in the sample soils is due to avalanche ionization in the air voids between the soil particles. Fig. 4 shows a series of typical voltage and current traces for soil discharges, developed by a 1.2/50-㎲ lightning impulse voltage. The curve at the top of each sub-figure refers to the current behavior, whereas the curve at the bottom of each sub-figure is the voltage behavior. As can be seen, the current before the initiation of ionization is the prebreakdown leakage current through the test soil. Thereafter the current waveforms imply that the electrical breakdown propagates through two or more stages in small air pockets of the soil. The soil discharge is responsible for the reduction of the grounding electrode potential. The current flow mechanisms for electrical breakdowns are different for dry and wet soils.
Indeed, the current flow consists of two regimes as indicated in Fig. 4 : conduction and ionization. That is, the discharge development processes are classified into two categories based on the current waveform: current behavior before ionization and current behavior after ionization. When the voltage level supplied between the test electrodes is relatively low, the conduction current runs into the test soil. The conduction current increases linearly with the amplitude of applied voltage. Furthermore, it has been noticed that the conduction current flowing through the test soils increases proportionally with the level of moisture content. When an impulse voltage, of sufficiently high value to cause electrical breakdown is applied, a spark bridges the air spaces between the dry soil grains. The conduction current prior to ionization in the dry soil is very low as shown in the current waveforms of Fig. 4 . However, the conduction current in the wet soil is increased with the applied impulse voltage, because the wet soil grains act as conductors. breakdown V-I characteristics of the soils, that is, the arc impedance [2] . When the applied impulse voltage is above the breakdown voltage value, the discharge current following the conduction current is abruptly increased and the discharge development comes to a final stage. When a sufficiently high voltage impulse is applied to a soil, a breakdown will occur at each impulse application. The nonlinear behaviors of voltage and current responses are caused by the discharge development. Hence, the ground impedance and the transient ground potential rise can be reduced on the surface of the ground. From the sub-figures 5(a) and 5(b), it is noticed that the transient impedance curves shift towards early time for an increasing level of moisture content. The dependency of the transient impedance on the moisture content is more important for sand than for gravel. Moreover, the impedance across the test soil is very high for conduction current and then is abruptly decreased at the initiation of ionization. The behavior of the transient impedance in time is similar for both types of soil. However, their values of impedance differ after breakdown. Indeed, in the case of sand, because the electrical breakdown occurs by ionization, the impedance drops after breakdown, and is then sustained at a very low value. However, because the electrical breakdown occurs by sparking through the air pockets between the gravel grains, the impedance drops to zero. Finally, the transient impedance curves present an under-damped oscillatory shape caused by the test circuit constants. Indeed, the tail parts depend on the capacitance of the Marx generator and on the inductance of connecting leads, because the resistance of the test soil at the sparking instant is practically zero.
Breakdown voltage -Time-lag characteristics
For the electrical breakdown, it is essential that the discharge occurs during the interval of overvoltage duration, i.e., the overvoltage duration must exceed the time-lag, that is the time elapsed between the application of an impulse voltage to a soil, sufficiently strong to cause breakdown, and the breakdown [17] .
For the electrical breakdown under impulse voltages, there is a time-lag between the application of impulse voltage and the breakdown. This time-lag is believed to be the sum of a 'statistical time-lag' for the initiation of ionization streamer in the soil and a 'formative time-lag' for the streamer to propagate completely across the test soil, at which time the large breakdown current starts to flow [18] . Fig. 6 illustrates the effect of applied voltage impulse on the time-lag, in order to investigate the breakdown characteristics. The time to breakdown (t 3 ) consists of the statistical time-lag (t 1 ) and the formative time-lag (t 2 ). The statistical time-lag t 1 is the time between the application of a voltage sufficient to cause soil breakdown and the initiation of ionization, and it decreases as the amplitude of applied voltage increases.
Following two techniques are generally used for constructing a breakdown voltage -time curve: either a constant voltage is applied to a test gap or an overvoltage is suddenly applied to a test gap. In the former case, the timelag is measured from the flash until breakdown occurs: The measured time-lags for given experimental conditions are usually presented graphically by plotting the average timelags against the overvoltage. While in the latter the timelags under impulse voltages are measured between the voltage application and the breakdown, the time-lags are plotted against the amplitude impulse voltages. Our data for V-t characteristic curves were constructed by the latter technique.
The breakdown voltage -time (V-t) characteristics provide valuable information about the lightning impulse response of grounding systems. The time required for the discharge development (time-lag) depends on a number of factors, such as the rate of rise, the amplitude of impulse voltage, the gap geometry, the nature and the condition of the electrode surface, and the type and moisture content of soil.
The electrical breakdown voltage (V) versus the time to breakdown (t 3 ) characteristics as a function of moisture content in soils are determined by the time interval from the origin to breakdown, and the polarity is designated by the polarity of voltage injected to the top electrode. The V-t curves are plotted by adopting the maximum voltage amplitude recorded at or prior to breakdown, which is the test procedures recommended in the international standard IEC 60060-1 [19] . Since water evaporation in soil takes place due to excessive discharge current, the repeated experiments can cause the irregularity of measured data at a specific condition of the test soil. Thus water evaporation in soil should minimized by limiting the number of impulse shots.
It is possible to construct a breakdown voltage-time characteristic curve by applying a number of impulse voltage of increasing the amplitude and noting oscillographically [18, 20] . Fig. 7 shows the breakdown voltagetime (V-t) curves for sand and gravel samples. i.e., the V-t curve illustrates a plot of the necessary time to occur the electrical breakdown as a function of moisture content. The moisture content of soil is the critical parameter that affects the breakdown channel. The measured values are affected by factors such as types of soil, the moisture content and the amplitude of applied voltage. When soils have different moisture content, their breakdown voltages for channel creation are different. Electrical discharges under lightning impulse conditions are propagated in small air pockets in the soil, the breakdown can happen repeatedly, usually without changing the characteristics of the soil [21] .
If no other conditions are changed, then the higher the moisture content of soil, the shorter is the time to reach breakdown. The V-t curves show a typical pattern for breakdown characteristics of insulators. As moisture content levels increase, the amplitude of breakdown voltages decreases and the time-lag to breakdown becomes shorter. Electrical breakdown of the soil is initiated by ionization of the air trapped in the voids of the soil. The ionization gradient of the soil is always less than that of air and it is reduced when the moisture content is high [16] . The time to initiation of ionization is mainly dependent on the amplitude of impulse voltage, the moisture content, and the type and grain size of soil.
The statistical time-lag is the time which elapses during the voltage application until an ionization streamer appears to initiate the discharge. The statistical time-lags were plotted versus the peak of applied voltage in Fig. 8 for three moisture contents. The time elapsed from the application of impulse voltage to the initiation of ionization streamer, as defined and evaluated in this paper, represents the statistical time-lag in gas gaps.
The threshold level of the ionization is especially high when the test soil is dry or when it has a low conductivity. Also the water coating provides interconnected water paths which provide the low conductivity of the soil. The V-t curves will depend on the size of air voids between soil particles. The sand with fine particles will have smaller size voids, while the gravel with coarse particles will have larger size voids. The V-t curves for gravel is less irregular because the voids in gravel have less interfacial effect compared to those in sand.
The time-lag between the application of impulse voltage and the occurrence of breakdown is primarily dependent on the magnitude of applied voltages. The conduction current during the time from the application of impulse voltage prior to the initiation of ionization streamer is dominant and depends on the moisture content in soils. The time to initiation of ionization streamer is found to be shorter in soils with higher moisture content and decreases as the amplitude of applied voltage impulse increases. The dependency of the time to initiation of ionization streamer on the moisture content in sand is more important than that in gravel because the air pockets between sand grains are smaller than those found in the gravel soil. Fig. 9 illustrates the formative time-lag to breakdown for sand and gravel as functions of moisture content. The formative time-lag, denoted t 2 , is defined by the time interval from the initiation of ionization streamer to the breakdown. It corresponds to the time of discharge development and is closely related to the mechanism of discharge development.
According to Fig. 9 , the formative time-lag is affected by the amplitude of applied voltage and the moisture content of soil. When the amplitude of applied voltage exceeds a certain value, the formative time-lags for different moisture content levels are similar. This statement is better seen for the gravel. The formative time-lags are slightly sensitive to the amplitude of impulse voltage. Their values are within the range of 0.09-0.12 µs. However, the variance of formative-time lags values is higher in sand than in gravel.
The electrical breakdown process in soil principally appears to be due to air ionization in the voids between soil particles [18] . It is inferred from the formative time-lags that the final jump of electrical breakdown is occurred by an ionization streamer. The moisture content of soil is the critical factor that affects the formation of breakdown channels. Soil breakdowns occur around the circumference of the top electrode. When the amplitude of applied impulse voltage exceeds a specified level, the soil is punctured by the tracking. The hole punched at the edge of top electrode is made by the electrical breakdown as shown in Fig. 10 , and it indicates the observed effects of discrete breakdowns. However the electrode surface did not produce visible change. When the application of impulse voltage to the test soil is iterated, a satisfying repeatability is obtained. Electrical discharge would start at the edge of top electrode, where the current density is highest. It is obvious that the current is dispersed into the soil through a small part of the electrode surface. The electrical breakdown propagates with ionization caused by a combination of runs and pre-breakdown around the soil grains. The runs grow along irregular voids between the soil grains. The leading branch channel will experience the final jump bridging the soil between the two electrodes [22] .
The discharge impacts made by the electrical breakdown are very resistive to the conduction current due to the evaporation around the breakdown channels and the formation of air pockets. The previous breakdown channel through the sample soil is obviously not a preferred path for a subsequent breakdown development, and the ionization streamers propagate in different paths from shot to shot [20] . Consequently, the electrical breakdown does not propagate along pre-formed channels in soils. When the impulse voltage is applied repeatedly, the electrical breakdown takes place along different branch paths, leading radially away from the stressed electrode. Hence, if the soil is left undisturbed between the applications of impulse voltages, subsequent breakdown in the soil is more likely to be occurred along a discrete channel than in previous breakdown channels.
Conclusion
In order to obtain valuable information about the effect of electrical discharges on the transient performance of grounding systems, we have investigated in this paper the physical and electrical phenomena of soil discharges as a function of moisture content when 1.2/50 µs lightning impulse voltage is applied. The results of this study can be summarized as follows:
(1) The electrical breakdown in soils is developed through two mechanisms: conduction current process and ionization process. The electrical breakdown is caused by ionization growths that follow the conduction currents. applied to the test soil, the electrical breakdown does Fig. 10 . Photograph of soil discharge impacts not occur along previous channels, but makes a different discharge path other than punched holes.
All the obtained results in this paper present important guidelines to understand the transient behaviour of grounding systems under the passage of lightning currents
